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a b s t r a c t
In polyethylene, a transient, oxidation-induced strengthening is often observed over a narrow range of
UV radiation dose. In addition, plastic deformation may not be volume-preserving due to cavitation.
Here, we employ a suite of analytical experiments and mechanical testing on pristine and oxidized low-
density polyethylene films in order to investigate the transient strengthening behavior as well as the
propensity for cavitation to fracture. Emphasis is laid on connecting macroscopically observed behavior
with microscopic information involving the competition between multi-scale phenomena: chain scission
and cross linking at a fine scale, chemi-crystallization, oxidation-induced cracking and mechanical
damage at the meso and coarse scales. The results provide an insight into the role of cavitation in the
oxidative embrittlement of semicrystalline polymers.
1. Introduction
Semicrystalline polymers inevitably undergo various types of
aging in service. With the advent of polymers as structural mate-
rials in recent decades, understanding and predicting their
response to environmental factors such as UV radiation, heat and
humidity are of utmost importance. For polymers used in outdoor
applications, this is of much concern considering the depletion of
the stratospheric ozone and its potential consequences on aging
[1]. Such is the case of the polyethylene (PE) used in pipelines,
greenhouses, composites for automotive and aerospace industries,
and in functional applications such as electrical insulation and
thermal energy storage.
The interaction of UV radiation, in particular, with polyolefins,
such as PE, causes photo-oxidative embrittlement [2,3]. Photo-
oxidation leads predominantly to random chain scissions and,
eventually to crosslinking, generally leading to a noticeable decrease
in the average molecular weight, an increase in polydispersity (the
distribution of molecular weight), and an increase in crosslinked
structures [4,5]. Some studies have pointed out a relationship be-
tween the decrease in molecular weight and embrittlement [3,6],
establishing a critical molecular weight Mwc  70 kg=mol or a crit-
ical interlamellar thickness lac  6 mm below which a sharp ductile
to brittle transition occurs.
Photo-oxidation reactions are generally assumed to take place in
amorphous regions where oxygen diffusion is favored relative to
compact crystallites. Chain scissions may lead to chemi-
crystallization, a type of (low temperature) secondary crystalliza-
tion [7,8]. Therefore, photo-oxidation may alter both the molecular
weight and crystallinity of polymers, thus affecting their mechan-
ical behavior.
Changes in the chemistry of polymers due to UV aging have
previously been investigated, paying special attention to the kinetics
of oxidation reactions and the formation of specific chemical groups
[9e11]. On the other hand, the effects of UV aging on mechanical
behavior have also been reported in the literature; for a review see
Ref. [3]. Special emphasis is generally given to the characterization of
oxidative embrittlement, which manifests in the decrease of the
(nominal) strain to fracture with increasing oxidation.
In general, previous work has focused on either chemical or
mechanical aspects of aging, but no study has examined chemo-
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mechanical aspects to sufficient extent. Fayolle et al. [6] attempted
to correlate the chemical kinetics responsible for chain scissions
with the decrease in strain to fracture by means of the critical
molecular weight concept. However, little attention has been paid
to the effect of oxidation on the strength of semicrystalline poly-
mers, or to the chemo-mechanical aspects of oxidative embrittl
ement.
That photo-oxidation may lead to transient strengthening has
been reported by some authors, e.g. Ref. [12], but is left generally
unexplained. The transient strengthening manifests in an
increasing flow strength over a narrow range of UV doses.
On the other hand, that large plastic deformation may lead to
volume change in polymers has become increasingly accepted in the
literature; see Ref. [13,14] for reviews.Whether the volume change is
due to crazing (nanovoids with a fibrillar structure) or mere cavita-
tion (microvoids), the outcome is dilation and pressure-sensitivity of
the mechanical behavior [15]. Nano- and micro-voids have been
reported in polypropylene, polyamide 6 and high density poly-
ethylene [16e18]. However, it has been accepted so far that polymers
with small crystals, such as low density polyethylene (LDPE), do not
develop cavities during tensile deformation [13,16]; presumably
small crystals would deform plastically before a critical stress
necessary for voiding in the amorphous phase is reached. The extent
to which this hypothesis holds is investigated here along with the
changes in cavitation damage that occur during photo-oxidation.
In this work, we examine the transient UV-induced strength-
ening as well as the propensity to cavitation in pristine and oxidized
semicrystalline polymer. In doing so, we analyze the relationship
between macroscopically observed behavior and the competition of
several microscopic phenomena: chain scission and cross linking
(molecular level), chemi-crystallization (macromolecular), oxidation
-induced cracking and mechanical damage (micron scale). After
presenting the methods used in Section 2, the results are summa-
rized in Section 3 with minimum discussion. The key findings are
then discussed with additional analysis in Section 4.
2. Experimental methods
2.1. Material
Thin films of low density polyethylene (LDPE) were provided by
Qatar Petrochemical Company (QAPCO). The material is Lotrene
FB3003 produced as pellets by an autoclave high pressure process,
which are then finished in an OCS cast film extruder. Unlike other
grades, such as FD0374, the chosen LDPE grade is additive-free (no
antioxidant, UV stabilizer, slip agent or anti-blocking agent). It is
typically used in heavy-duty film applications, including for agri-
culture. It has a weight average molecular weight of Mw ¼ 164;
500 g=mol, a melt flow index of 0.30 g/10 min, and a crystalline
melting point of 109+C according to ASTM E794. The films were
50 mm thick so as to enable nominally uniform oxidation when
exposed to UV radiation.
2.2. UV aging
Accelerated weathering was carried out in a QUV Weathering
Tester (Q-Lab Corporation). The tester had fluorescent UVA bulbs,
which are able to simulate the spectral irradiance during daylight. A
modified version of an ASTM G-154 standard cycle [19] was used to
decouple the effect of humidity on the UV aging of LDPE (whichwill
be studied in a follow up paper). Thus, the aging experiments were
donewith a radiance of 1.55W=m2 at awavelength of 340 nm, with
no water condensation cycle. The samples were irradiated at a
measured temperature of 60 ±2+C for 24, 48, 72, 96, 192 and 240 h.
Considering that the typical UVA radiance in some regions is about
5000 kJ=m2, 240 h of aging would correspond to a radiation
received over a period of 3e4 months.
2.3. Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) was used to
evaluate the extent of the photo-oxidation. The IR spectra of virgin
and photo-oxidized PE films were determined with a PerkinElmer
Frontier device within the 4000e400 cm1 range by averaging the
32 scans obtained with a minimal resolution of 4 cm1. During the
photo-degradation of polyethylene, carbonyl groups (C]O) such as
ketones, aldehydes, carboxylic acids and esters are expected to be
formed [11,20]. For this, a Brucker IFS 28 IR spectrophotometer was
used to follow the absorption bands of the carbonyl groups at a
wavelength of 1720 cm1 and vinyl groups at 908 cm1 [20]. The
concentrations of carbonyl and vinyl groups were calculated using




where A is the absorbance, b the sample thickness and ε the molar
absorptivity coefficient, taken to be 405 lmol1cm1 and 122
lmol1cm1 for carbonyl and vinyl, respectively [21].
2.4. Differential scanning calorimetry
To determine the crystallinity ratio and lamellar thickness,
thermograms from differential scanning calorimetry (DSC) were





with DHm and DHm0 the heats of melting of the specimen and the
crystal, respectively.
The lamellar thickness of crystals, lc, was estimated using the
Gibbs-Thomson equation:





where rc is the density of the crystalline phase, Tm is the experi-
mental melting point, Tm0 the equilibriummelting point, andW the
surface energy. The following values were taken from the literature
[22] for PE: Tm0 ¼ 415 K,W ¼ 70:0 mJm2, rc ¼ 1000 kg:m3, and
DHm0 ¼ 292 J g1. The Gibbs-Thomson equation was also used to
estimate the thickness of secondary crystals assuming the same
heat of melting and using corresponding measured values of Tm, as
explained in context below.
2.5. Gel permeation chromatography
The changes in the molecular weight of PE with UV aging time
were measured at 140+C with high temperature gel permeation
chromatography (HT-GPC). Experiments were carried out with a
PL-GPC 220 Agilent Technologies device equipped with a guard
column, two columns branded PlGel Olexis connected in series, and
three different (refractive index, viscometer and light scattering)
detectors acting in concert and providing distinct but comple-
mentary information. This advanced technology allows a direct
measurement of the molecular masses (without extrapolation,
correction or column calibration) and degree of branching in a
single experiment. The eluent was 1,2,4-trichlorobenzene (TCB)
stabilized by 0.025 wt% of 2,6-di-tert-butyl-4-methylphenol (BHT).
It was filtered with a 1 mm pore size membrane (in glass fiber)
before use. The injection volumewas 100 mL and the flow ratewas 1
mL:min1. PE samples were dissolved in BHT/TCB (at a concen-
tration of 2 g:L1) at 140+C under stirring for 1 h.
The weight average (Mw) and number average (Mn) molecular
weights were calculated for each aging time. The initial weight and
number average molecular weights for the LDPE films were Mw ¼
164;500 g=mol andMn ¼ 18;200 g=mol, respectively. Additionally,




Knowing Mn and Mw for each aging time, the corresponding
numbers of chain scissions n and crosslink nodes x per unit mass
were deduced from Saito's equations as reported in Ref. [6]:
Dn ¼ 1Mn 
1
Mn0






ð2Dn DwÞ and x¼13 ðDn 2DwÞ (6)
2.6. Mechanical testing
Tensile specimens of as-received and aged films were cut out
using a custom-made metallic punch along the machine direction
(MD). The specific geometry shown in Fig. 1 is intended to localize
the deformation in the central part of the specimen [23].
Tensile tests were conducted at room temperature using anMTS
Insight machine equipped with a 1 kN load cell. A true axial strain
rate of 5$103 s"TT5843c571""AD1 was imposed. To this end, the
crosshead speed was adjusted with the feedback of a LX MTS laser
extensometer. This implies a constant true strain rate prior to
necking. The laser extensometer was also used to measure elon-
gation, and the two dots in Fig. 1 represent the locations of the
reflective tape marks. The repeatability of the mechanical response
was checked by carrying out at least three, and up to six realizations
of the same test condition.
Full field strain measurements were obtained using a Digital
Image Correlation (DIC) setup by Dantec. Tensile specimens were
paintedwith a black andwhite speckle, and the displacement of the
speckle pattern was tracked during deformation using a Stingray
high performance 2 Megapixel FireWire camera. Data processing
was performed using the Istra4D software by Dantec.




where F is the force, S0 is the initial cross-sectional area of the
specimen, and ε11 constitutes direct output from the DIC software
of the true strain in the transverse direction (TD) extracted at the
center of the specimen; see Fig. 1. The cross-sectional area is S ¼wt
with w the width and t the thickness. Let εT ¼ lnðw =w0Þ and εN ¼
lnðt =t0Þ be the transverse and normal true strains, respectively.
Assuming transverse isotropy, εT ¼ εN. Hence, 2εT ¼ lnðw =w0Þþ
lnðt =t0Þ ¼ lnðS =S0Þ. Finally, equation (7) is obtained by identifying
ε11 from DIC with εT. Note that equation (7) assumes transverse
isotropy and a negligible strain gradient in the transverse direction,
which are generally good assumptions, but does not assume plastic
incompressibility; see Ref. [24] for details.
In addition, a limited investigation of plastic anisotropy of the
as-received film was carried out using a different, simpler
geometry. Rectangular specimens (75 mm long; 25 mmwide) were
cut out along both MD and TD. These tests were performed at a
constant crosshead speed of 50 mm$s1. The aim of this pre-
liminary campaign was merely to check for directionality in the
mechanical properties, hence the higher applied strain rates.
2.7. Microscopy
Two series of microscopic examinations have been performed.
Film couponswere examined in scanning electronmicroscopy (SEM)
prior to andafteraging. The aimherewas todetectpossible ‘‘chemical
damage’’ after oxidation. In addition, some tensile film specimens
wereobservedpostmortem fordetectionof ‘‘mechanicaldamage’’. For
each coupon, the surfacewasfirst prepared by removing any residual
paint (used for DIC) that did not come off after large stretching of the
films. The excess paint was carefully removed using the rounded
backend of a pair of laboratory tweezers. The paint was dry and came
off rathereasily. Theparts thatdidnotwere left toavoiddamage to the
samples. Then each coupon was gold coated and observed in a FEI
model Quanta 400 SEM with 15 kV voltage and a spot size of 3.5. All
observations were made in the MD-TD plane, Fig. 1.
3. Results
3.1. Physico-chemical characterization
During the photo-oxidation of polyethylene, several carbonyl
groups (C]O) such as ketones, carboxylic acids, aldehydes and
Fig. 1. Tensile specimen geometry (dimensions in mm). The dots mark the locations of
the laser extensometer trackers.
3
esters can be formed. Ketones can be decomposed according to the
Norrish type I reaction, as shown in Fig. 2, thus leading to a chain
scission. Alternatively, the photo-oxidation reaction can take
another path resulting in a formation of vinyl groups via a Norrish
type II reaction [25].
The oxidation kinetics is informed by the formation of carbonyl
and vinyl groups. Fig. 3 suggests that there is an induction time of at
least 48 h for the reactions to take place under the conditions of the
experiments. In Fig. 3, it is clear that the initial concentration of
vinyl groups is higher than that of carbonyl groups; this is expected
since vinyl groups correspond to end-groups in nearly unoxidized
LDPE [26].
The increasing vinyl index indicates an increase in the concen-
tration of double bonds, which are associated with Norrish type II
reactions [27], Fig. 2.
Meanwhile, the carbonyl index also increases but remains lower
than the vinyl index. This indicates that during UV aging, carbonyl
groups decompose via Norrish type I and type II reactions, thus
generating profuse chain scissions [5].
The evolution of the weight average (Mw) and number average
(Mn) molecular weights with UV aging time is shown in Fig. 4. The
molecular weight averages were initially Mn ¼ 18;200 g=mol and
Mw ¼ 164;500 g=mol then rapidly decrease with increasing aging
time up to 96 h. Between 96 and 192 h, the molecular weight
remained largely unchanged. At 192 h of UV exposure, bothMn and
Mw reach a minimum, but Mw increases thereafter.
The initial decrease in the molecular weight suggests a pre-
dominant chain scission process (presumably resulting from Nor-
rish type I reactions) in this stage. The noticeable change of
molecular weight after just 24 h is in contrast with the observations
from FTIR, where the concentration of carbonyl and vinyl species
remained unchanged after 48 h of UV exposure. This apparent
paradox will be discussed in Section 4.
It is worth noting that the PDI, which indicates the width of the
molecular weight distribution, follows a trend similar toMw, Fig. 4.
The evolution of the PDI suggests a homogeneous random chain
scission before 192 h, then a prevalence of crosslinking reactions
between 192 and 240 h of UV irradiation [6,28,29]. Indeed, if there
were no crosslinking, PDI would tend towards the final value of 2
[6].
Fig. 2. Initiation mechanisms of photo-oxidation in polyethylene: chain scission via a free radical chain mechanism (Norrish type I); and ring decomposition mechanism (Norrish
type II); adapted from Ref. [25].
Fig. 3. Concentrations of carbonyl and vinyl groups measured by FTIR spectroscopy
versus aging time.
Fig. 5a shows the heating thermograms for the as-received and
UV-aged materials, as obtained from DSC. The melting peak re-
mains at the same temperature. However, as the aging time in-
creases, the appearance of endothermic shoulders (circled) below
the melting temperature indicates the formation of new crystallites
of smaller lamellar thickness. After 24 h of aging, the thermogram
shows that the peak melting temperature of these crystallites is
below the exposure temperature (60+C).
To confirm the origin of the new crystallites, we performed an
additional test in which a sample was held for 24 h in 60+C in the
absence of oxygen. This thermal aging (DSC not included for
brevity) under vacuum resulted in the creation of some crystallites
with a melting peak of 60+C. Thus, these results indicate that the
crystallites formed during photo-thermal aging at 60+C in air are
slightly less perfect (thinner) than those formed in the absence of
oxygen (thermal aging at 60+C under vacuum). This could be
attributed to oxidation-induced defects such as hydroxyls and
carbonyls, which are incorporated to the polymer chains during
photo-thermal aging, thus preventing crystallization. But this could
also be attributed to crosslinking induced by oxidation.
The concurrency in chain scission and crosslinking processes
(evidenced in the molecular weight results discussed previously)
makes the analysis of crystallinity more complicated. Oxidation-
induced chain scissions can promote chemi-crystallization, a pro-
cess in which the resulting shorter polymer chains can more easily
reorganize and crystallize [3], presumably around pre-existing
crystallite seeds in the amorphous phase, that are too small to be
initially detected by DSC. At the same time, the concurrent cross-
linking prevents crystallization. As the UV exposure time increases,
the melting peak of these secondary crystals increases, moving
towards the main melting peak, and additional endothermic
shoulders appear as well. These might indicate the increasing
contribution of oxidation-induced chain scissions to secondary
crystallization upon aging.
In spite of the changes described above, the variation in the
overall percent crystallinity with UV aging were rather small (
6%), as can be seen in Fig. 5b, indicating that the formation of the
thin crystallites has a low impact on the bulk percent crystallinity of
the material. However, if these thin crystallites are homogeneously
distributed into the LDPE matrix, they could play the same role as
crosslinks, thus affecting the mechanical behavior of LDPE. The
thickness of these secondary crystallites was estimated using the
Gibbs-Thomson equation (Eq. (3)) and the results are shown in
Fig. 6. It is found indeed that the thickness of secondary crystallites
rapidly increases at intermediate UV aging doses. This finding is key
to explaining the transient strengthening reported in the following
section and discussed further below.
3.2. Mechanical behavior
Typical nominal stress-strain curves for the as-received and UV-
aged films are shown in Fig. 7a. Specimens cut out of films that
were aged up to 192 and 240 h were too brittle to test, as they
prematurely broke during setup, evenwith most delicate handling.
For the as-received film (0 h) the response exhibits a peak load
corresponding to neck initiation, followed by a quasi-plateau
indicative of neck propagation. At large stretches, the load begins
to increase again due to entropic hardening.
UV aging results in three main changes in the tensile response:
(i) a steady reduction in the elongation to fracture; (ii) a transient
increase in the flow stress; and (iii) a transient increase in strain
hardening. In particular, the elongation to fracture is reduced by
Fig. 4. Number-average molecular weight, Mn , weight-average molecular weight, Mw ,
and polydispersity index (PDI), measured by GPC, versus aging time.
Fig. 5. (a) Heating thermograms of LDPE for various UV aging times, showing the
appearance of small crystallites (circled). (b) The overall percent crystallinity versus
aging time.
more than 50% after just 24 h of UV exposure. This trend, which is
consistent with the literature [3,4,6,30], is associated with
oxidation-induced chain scission. Note that the elongation to
fracture in the 96 h specimen is about 1.0, which means that a
significant ductility is retained up to this exposure time.
The effect of UV aging on the flow stress of the material is,
however, more complex. The true stressestrain responses obtained
as explained in Section 2.6 are shown in Fig. 7b. Only strains up to
0.8 are shown, as the pattern distortions at large stretches impeded
accurate measurements of local strains. The true stress-strain
curves show larger values of stress beyond yielding, due to strain
localization. Both the nominal and true responses in Fig. 7 reveal a
transient strengthening at low UV doses. More importantly, the
true stress-strain curves show that the strain hardening rate fol-
lows the same trend as the flow stress: it increases with UV aging
up to 48 h, and decreases at higher UV exposure times.
To better document the above trends, Fig. 8a reports the nom-
inal stress F=A0 at a strain DL=L0 ¼ 0:5. The stress reaches a
maximum between 24 and 48 h of UV exposure before it decays,
suggesting a competition between the various reactions and pro-
cesses involved in the aging of the polymer. Fig. 8b displays the true
stress s0:5 at a true strain ε ¼ 0:5. When the true stress is consid-
ered, the strengthening at intermediate aging times is even more
important, with s0:5 exceeding 20 MPa for 24 and 48 h. Addition-
ally, Fig. 8b shows that even if the initial apparent yield is higher in
the 96 h condition (than it is in the 72 h condition), the material
degrades further upon straining beyond ε  0:5, with s reaching
values below those of the 72 h condition.
3.3. Damage mechanisms
The nominally smooth surface of a film becomes increasingly
wrinkled with increasing UV radiation dose. Wrinkling is barely
detectable in the 48 h and 96 h films, but becomes visible in SEM
after 192 h (Fig. 9a). Eventually, superficial cracking occurs after
sufficient radiation, as becomes visible in the 240 h film (Fig. 9b). A
network of parallel microcracks is seen to have formed in these
films, which explains their extreme brittleness (recall that the
240 h films were not mechanically ‘‘testable’’ as they broke while
being mounted in the grips).
The largest microcracks are 100e200 mm long and oriented
along the transverse direction TD. The crack pattern is believed to
stem from the film's in-plane anisotropy, which is processing
induced, Fig. 9c. The MD oriented specimens exhibit higher flow
stress and strain hardening rate, as well as lower strain to fracture
in comparison with TD oriented specimens. This point merits
further discussion in Section 4.
Recall that the tests reported in Fig. 9c were carried out at a
much higher strain rate than those reported above. This explains
the different stress levels and elongations to fracture.
Further details at increasingly higher resolution are provided in
Fig. 10 for the film after 240 h of UV aging. Parallel microcracks,
about 200 mm long, can be seen in Fig. 10a. The cracks do not tra-
verse the full thickness and appear to wedge into the film. Also,
note that the film's surface is rather smooth near cracks. This is
likely due to stress relief after cracking.
Away from regions with high density of such cracks, surface
Fig. 6. Lamellar thickness of primary and secondary crystals versus aging time; see
equation (3).
Fig. 7. (a) Engineering stress-strain curves for LDPE films UV-aged at various exposure
times and tested at room temperature and a true axial strain rate of 0.005 s1. (b)
Corresponding true stress-strain curves.
wrinkling is observed, Fig. 10b. It is believed that some extent of
wrinkling is seen in all aged films at various degrees. Eventually,
nascent microcracks nucleate at an apex of a wrinkle, as illustrated
in Fig. 10c. The nascent crack has more roughness along TD than the
fully developed crack (compare Fig. 10c with Fig. 10a).
The damage observed in Figs. 9 and 10 was generated by mere
UV irradiation, that is prior to any mechanical loading. A rationale
for this ‘‘chemical damage’’ will be provided further below.
In what follows, focus is laid on post mortem fractography in
mechanically loaded specimens. In general, just like in metals, two
modes of fracture may occur, separately or concurrently [31]: fail-
ure by instability (slant mode) or failure by void coalescence
(overall flat mode). Slant fracture was observed in all film speci-
mens, aged or unaged, as illustrated in Fig. 11 (note the residual DIC
paint in (b); see Section 2.7). The slant mode of fracture suggests
that failure occurs by plastic instability, namely that the terminal
event is a (macroscopic) shear band.
Fig. 8. Transient strengthening in the photo-oxidation of LDPE films. (a) F= A0 at DL=
L0 ¼ 0:5 versus aging time; and (b) flow stress at ε ¼ 0:5, s0:5 versus aging time.
Fig. 9. SEM observations of ‘‘chemical damage’’ (a) 192 h film; (b) 240 h film (cracks
oriented along TD). (c) Nominal stressestrain curves for MD and TD rectangular
specimens.
In the unaged specimen (Fig. 11a) there was no indication of
damage beneath the fracture surface. On the other hand, aged
specimens exhibited various sorts of cavitation-mediated damage.
First, consider the 48 h aged film of Fig. 11b. Further fractographic
details are provided in Fig. 12. Elongated void-like features are
found to form parallel to the tensile MD orientation, Fig. 12b. The
propensity for these voids is higher in the central region of the
specimen where the necking-induced hydrostatic tension is high-
est, at least before complete drawing. These elongated voids coa-
lesce in the direction of loading to formvery long cracks (the central
one is over 2 mm long), possibly leading to splitting (see Fig. 12a).
Fig. 10. Observations of chemical damage at higher resolutions after 240 h of UV ag-
ing: (a) Well-developed parallel cracks; (b) Surface wrinkling; and (c) Nascent
microcrack. All features are perpendicular to the machine direction MD.
Fig. 11. Overall fracture mode in tension of LDPE films: (a) pristine material; (b) after
48 h of UV aging; and (c) after 96 h of UV aging.
The voids have an internal structure reminiscent of crazing with
lateral void surfaces constrained by residual fibrils that do not fully
break, Fig. 12c. The thickness of the fibrillar ligaments in Fig. 12c is
between 3 and 5 mm, comparable with measurements reported
elsewhere for bulk unaged polyamide 6 [17]. At a much lower scale
(Fig. 12d), even smaller voids are observed in the vicinity of big
ones. The small voids appear as precursors to the bigger craze-like
voids and suggest a continuous damage process.
Next, consider the 96 h aged film of Fig. 11c with details as
provided in Fig. 13. A more evident combination of mechanical
damage and chemical degradation may be observed in this spec-
imen. Just like in the 48 h exposed film, elongated voids are
observed at a higher density, although individual voids may be
shorter. A direct comparison of void sizes would be difficult since
the strains to break for these two conditions are different: εb ¼ 1:95
versus εb ¼ 1:47 for the 48 h and 96 h conditions, respectively. Also,
the voids are spread all over the specimen and not highly
concentrated in the central region. Furthermore, traces of such
elongated voids are seen deep below the fracture surface, Fig. 13b.
In some isolated areas, a different type of damage is observed, as
illustrated in Fig. 13c. This type has previously been reported for
various semicrystalline polymers [32]. It suggests an advanced
stage of surface degradation and it is not possible to apportion the
chemical and mechanical contributions in reconstructing the gen-
esis of the stage shown in Fig. 13c. Some details elsewhere do
exhibit some of the elongated voids but with more lateral opening,
Fig. 13d; also note the large void at the bottom of Fig. 13b.
The reported observations of both chemical damage and
(chemo-)mechanical damage are quite complex. Some discussion
of that is included in the following section.
4. Discussion
The key findings reported above are: (i) the oxidation-induced
transient strengthening (Fig. 8); (ii) the indirect evidence of sec-
ondary crystals formed because of UV aging (Fig. 6); (iii) the
observation of ‘‘chemical damage’’ prior to any mechanical testing
(Fig. 10); and (iv) the oxidation-induced cavitation upon mechan-
ical loading (Figs.12 and 13). Here, we discuss these findings in light
of the state of the art, laying emphasis on aspects that remain
largely unexplained in the literature and pointing, where appro-
priate, to further avenues of investigation.
4.1. Chain scission versus cross-linking
The loss of ductility induced by UV aging is evident in Fig. 7a.
This loss is quantified in Fig.14 in terms of a nominal strain to break,
εb ¼ DL=L0jb, and a true strain to fracture, εf ¼ 2lnðw0 =wf Þ,
measured post mortem ( one month) based onwidth reduction. In
all conditions, εb > εf due to significant strain recovery after
unloading and viscous effects.
The trend of a decreasing strain to fracture indicates profuse
chain scission events. It is consistent with the increase in carbonyl
index (Fig. 3) and decrease in molecular weight (Fig. 4). On the
other hand, chain scission alone cannot explain the oxidation-
induced strengthening of the polymer in the early stages of expo-
sure to UV radiation (Fig. 8). To explain this transient strengthening
some other mechanism must be invoked.
The transient behavior suggests a competition among the
various radiation-mediated mechanisms, but their interplay is
rather intricate. Indeed, the molecular weight decreases from the
Fig. 12. Fractography of 48 h UV-aged LDPE film. (a) Overall slant fracture. (b) Elongated craze-like voids in a ‘‘necklace coalescence’’ mode. (c) Fine fibril structure of large void. (d)
Smaller voids. SEM observations with secondary electrons.
outset of radiation (Fig. 4) whereas other physico-chemical char-
acteristics undergo an incubation period and remain unchanged
below 48 h of aging; see Fig. 3 for CI and VI and Fig. 5b for crys-
tallinity. Correspondingly, there are two regimes over which the
strain to break εb decreases. In the first (roughly up to 48 h of ra-
diation), εb goes from 5 down to 2 without any noticeable
change in crystallinity or reaction products, as measured by CI and
VI. In the second regime (beyond 48 h of aging), εb continues to
decrease, albeit less abruptly to 1 while CI and VI undergo a sig-
nificant increase.
To gain insight into the transient strengthening, our first
attempt is to invoke radiation-induced crosslinking and its effect in
counteracting chain scission. Indeed, crosslinking generally in-
creases the strength of a semicrystalline polymer by improving the
cohesive strength of the amorphous phase due to a higher molar
mass [33], or by way of branching and its deterrent effect on chain
mobility and disentanglement [6].
A method to estimate the average molecular weight between
crosslinks is from mechanical tests above the glass transition
temperature. In particular, the evolution of hardening provides
great insight. It is worth emphasizing, at this juncture, the impor-
tance of obtaining true stressestrain responses in order to make
robust estimates of hardening rates. Close examination of Fig. 7b
shows a significant increase in hardening rate between the unaged
condition and the specimens aged under 48 h. This type of hard-
ening is usually attributed to an increase in crosslinking.
In order to test this hypothesis, the concentrations of chain
scissions and crosslink nodes were estimated for each aging con-
dition using GPC measurements as input; see equation (6). The
results reported in Fig. 15 clearly show that in the 0 he48 h range,
chain scission dominates over crosslinking.
Difficulties in extracting information about the molecular
weight between crosslinks is documented in the literature and the
results in Fig. 15 should be interpreted with care. Additionally, the
insolubility of sufficiently large, crosslinked structures can impede
their analysis with GPC and would not be included in the molecular
weight distribution curves, which may also lead to lower estimates
of molecular weight averages despite the crosslinking reactions
[34].
4.2. Chemi-crystallization
Two distinct scenarios of oxidative embrittlement are found in
the literature. In the case of a largely predominant chain scission
process, the destruction of the entanglement network leads to
ductility loss. However, since small macromolecular fragments are
also very mobile in a rubbery amorphous phase, they migrate
rapidly up to the surface of crystalline lamellae to integrate and
thicken them. The increase in both lamellar thickness and crystal-
linity ratio then explain the increase in yield stress [3]. In the case of
a pure crosslinking process, for instance by gamma irradiation in
the case of PE, the same mechanical trends are typically observed
[35], but with a totally different physico-chemical scenario. Indeed,
it appears clearly that branching disfavors cavitation during
yielding and is not favorable to ductility. It should be emphasized
the strong increase in yield stress (þ25%) for a small concentration
of chemical crosslinks z102 mol=kg, in comparison with the
concentration of entanglement crosslinks z40x102 mol=kg (see
Fig. 2 in Ref. [35]).
Neither of these scenarios is applicable to the low density
Fig. 13. Fractography of 96 h UV-aged LDPE film. (a) Overall slant fracture. (b) Voids of various sizes and shapes. (c) Area with chemical degradation. (d) Large voids beneath the
surface. SEM observations with backscattered electrons in Z-contrast mode, except for (c).
polyethylene studied here. Although a chain scission process is
predominant, it causes practically no change in the crystallinity
ratio or in the thickness of primary lamellae in the early hours of
aging (see Figs. 5 and 6). As a consequence, the first scenario cannot
be retained. However, crosslinking is not totally negligible because
it prevents chemi-crystallization. Indeed, instead of an increase in
the thickness of primary lamellae, we observe clearly the formation
of secondary lamellae (see Fig. 5). It should be emphasized that, due
to its low sensitivity, DSC allows to detect only the largest sec-
ondary lamellae. The melting endotherms of thinner lamellae are
probably hidden in the decreasing baseline of DSC endotherms
(between 20 and 50+C). Therefore, the population of these new
small crystals should be far from negligible.
Fig. 6 shows the evolution of lamellar thickness with aging. The
thickness of primary crystals remains overall constant during aging
while that of secondary crystals, lc, reaches a local maximum at
48 h. This results in a higher reduction of the interlamellar space,
further restraining chain mobility. When lc reaches a maximum at
48 h so does the flow stress (Fig. 7a), thus supporting the premise
that the transient UV-induced strengthening is a consequence of
chemi-crystallization.
Given that crosslinking has an important impact on mechanical
properties, a new scenario is advanced whereby new small crystals
act as chemical crosslinks. The free chain segments generated by
chain scission are presumed to crystallize instantly, thus, the ex-
pected adverse effect of chain scission on the mechanical response
of the material is not observed in the 24e48 h aging range. The
crystallites resulting from chain scission and its consequent chemi-
crystallization behave like crosslinks, resulting in the observed
strengthening at intermediate UV doses. Since the effect of the thin
crystallites is similar to an increased entanglement density, they
also affect the large strain response of thematerial [36], as observed
in Fig. 7, where the strain hardening increases at intermediate UV
doses. The effect of secondary crystals can be synergistic with the
concurrent oxidation-induced crosslinking, as estimated in Fig. 15.
Evidently, the translation of the resulting small increase in
crystallinity ratio into an equivalent concentration in chemical
crosslinks remains a conceptual issue. One way to investigate the
validity of this scenario would consist of conducting mechanical
tests above the melting point of secondary lamellae. Indeed, the
mechanical behavior should remain unchanged between the pris-
tine and aged materials.
As UV radiation increases further (48 he96 h range), the chemi-
crystallization stops, and thus the adverse effect of chain scission
becomes evident, as it becomes all the more dominant (Fig. 15). The
overall decrease in the molecular weight (Fig. 4) is such that after
96 h of exposure it has already decreased by  70%, from
Mw ¼ 164:500 g=mol to just Mw ¼ 47:000 g=mol. This effectively
counteracts any strengthening effect of chain scission (by way of
chemi-crystallization) or crosslinking, contributing to the weak-
ening observed in Figs. 7 and 8. The decrease in strain hardening
observed beyond 96 h of aging is attributed to the lower density of
network entanglements [36] that results from a lower molecular
weight. Moreover, the predominance of chain scission on the later
stages of oxidation lead to formation of what we have referred to as
“chemical cracks” (see section 3.3), further contributing to the
weakening of the material.
4.3. Chemical stress model
The transient strengthening effect due to chemi-crystallization
Fig. 14. (a) Nominal strain at break versus aging time; (b) (Post mortem) true strain to
fracture versus aging time.
Fig. 15. Number of chain scissions and crosslinks per unit mass as a function of UV
aging time.
contrasts with other phenomena that weaken the polymer
response, namely chemical cracking and cavitation. In section 3.3
we showed that photo-oxidation results in cracking in the
absence of mechanical loading, with chemical cracks occurring
along the transverse direction (TD) (Figs. 9 and 10).
Note that the tensile specimens were cut out from aged films. A
question therefore arises as to whether any cracks were induced by
cutting. This is unlikely, as punch cutting induces a highly localized
shearing deformation. In addition, the majority of cracks were
observed away from specimen edges. It is thus not surprising that
other investigators have followed the same protocol (aging the
films then machining the specimens) [25,34].
The appearance of ‘‘chemical cracks’’ in the absence of me-
chanical loading can be attributed to a ‘‘chemical stress’’ [37], which
is a residual stress related to the chemical reactions of oxidation.
This residual stress may have its origin in the volume change
concurrent with the thickening of the oxidized layer, or in density
gradients due to chemi-crystallization.








where G is the fracture resistance of the oxidized layer, Es its elastic
modulus, Z is a dimensionless parameter that characterizes
different cracking patterns [38], and is the thickness of the oxidized
layer. Taking Es ¼ 236 MPa from the experiments, G ¼ 5 KJ=m2 for
LDPE [39], and hc as a fraction of the film thickness, say 25 mm, we
obtain a critical chemical stress of 110 MPa for surface cracking
and 150 MPa for channeling. Compared with the flow stress of
LDPE, the estimated value for surface cracking is large enough to
produce local cracking.
The pattern of these chemical cracks can be explained in terms of
the film's orientation and the changes in its morphology. Blown
films of semicrystalline polymers develop a preferred orientation
during processing [40e42]. For LDPE, the preferred orientation
means a row-nucleated lamellar structure consisting of stacks of
lamellae aligning along themachine direction (MD) and amorphous
zonesbetween the crystalline stacks [40e42], as sketched in Fig.16a.
The orientation dependence is manifested in the tensile
anisotropy of the as-received film (Fig. 9c), where the orientation of
the lamellae along MD results in higher flow stress and strain
hardening, and lower strain to fracture in comparison with TD.
Fig. 16b depicts how the thickness of the interlamellar space la0 is
reduced at least by a factor of 2 as a result of the introduction of
new and thin crystallites via chemi-crystallization. The reduction of
the interlamellar space leads to embrittlement of PE [3,6] therefore
promoting the formation of cracks. The results obtained from DSC
for lamellar thickness of primary and secondary crystalline regions
(Fig. 6) together with the observed cracking lead us to presume that
the new interlamellar thickness la1 (Fig. 16b), falls below the critical
interlamellar thickness established by Fayolle et al. for polyethylene
lac ¼ 6 mm [3,6], below which a sharp ductile to brittle transition
occurs.
Additionally, since oxidation occurs on the amorphous region, it
is expected to act specifically in the interlamellar spaces along TD,
making them more vulnerable to the formation of cracks, Fig. 16c.
Studies of the tear resistance of PE have shown that the low tear
resistance along TD of LDPE relative to its linear counterparts (such
as HDPE and LLDPE) stems from the low number of tie molecules
between lamellar stacks in LDPE. In the case of oxidized LDPE, the
advance of the chain scission reactions leads to the decrease of
these tie chains, which could make the transverse direction more
prone to cracking. These oxidation-induced cracks contribute to the
weakening observed at larger UV doses and the observed lower
ductility.
4.4. Chemo-mechanical aspects
In the previous section, the formation of chemical cracks was
rationalized on the basis of a chemical stress concept and their
pattern based on processing history combined with radiation
induced morphological changes.
In addition, the type of damage observed inmechanically loaded
specimens post aging demonstrates other aspects of coupling be-
tween chemistry and mechanics in oxidative embrittlement. While
extensive damage and cracking were observed in UV-aged film
specimens (Figs. 12 and 13) no trace of damage was seen in the
highly ductile unaged films; see Fig. 11a.
That no cavitation is observed in the tensile deformation of LDPE
is certainly in keepingwith the literature [16]. However, the present
investigation clearly shows that UV irradiation activates the
Fig. 16. Schematic scenario of UV-induced cracking in the absence of mechanical loading along the transverse direction (TD) in oriented LDPE films.
cavitation process. To our knowledge, this is the first report of
cavitation in UV-exposed LDPE.
The formation of cavities upon deformation in semicrystalline
polymers is believed to depend on the relationship between the
strength of the crystalline phase and the strength of the amorphous
phase: a strong crystalline region and/or weak amorphous phases
promote cavitation since these conditions favor the deformation of
the amorphous phase over the plastic deformation of crystalline
regions [14]. Taking this into account, photo-oxidation presumably
promotes the observed cavitation by: i) providing nucleation sites
for voids since it creates surface defects and chemical cracks as
observed in the post-aging micrographs (Figs. 9 and 10); ii) forming
secondary crystals which increase the stress necessary for the
deformation of crystalline regions (Fig. 6), and; iii) reducing the
molecular weight, thus weakening the amorphous region by
decreasing its density of entanglements (Fig. 4).
Our observations in UV irradiated LDPE reveal the formation of
cavities at multiple scales and in various shapes. Some rather large
elongated, probably coalesced micro-cracks were shown in Figs. 12
and 13. Fig. 17 shows instances of smaller craze-like voids in the
96 h UV aged specimen. The presence of various void sizes hints at a
continuous void formation process.
Interestingly, the ‘‘chemical cracks’’ observed in heavily irradi-
ated films are oriented along the transverse direction (Fig. 10)
whereas the mechanically induced ones are mostly parallel to the
loading (machine) direction (Figs. 12 and 13). Recall that films with
the type of chemical cracks in Fig. 10 had essentially zero ductility.
On the other hand, for moderately irradiated films, cavities are
favored by profuse chain scissions then grow plastically upon
further drawing and align themselves with the loading direction.
Some of the elongated cavities are several hundreds of microns
long as a result of coalescence in ‘‘columns’’.
The absence of cavitation damage does not prevent failure in the
pristine films, but the latter is induced by some macroscopic shear
band, as manifested in the slant fracture mode in Fig. 11. In aged
specimens, the terminal event also seems to be a (macro) shear
band although both chemical and mechanical damage must play a
role in causing premature instability.
It is worth noting in closing that the chemically induced damage
leads, through cavitation, to dilatation and probably pressure
sensitivity of plastic flow. Indeed, the tensile deformation of aged
LDPE films is not volume-preserving, contrary to what has been
claimed in the literature for LDPE and other low crystallinity
polymers [16].
5. Conclusions
Chemo-mechanical aspects of oxidative embrittlement have
been investigated in low-density polyethylene using an unprece-
dented combination of physico-chemical and mechanical property
characterization. This has enabled new phenomena to be uncov-
ered, namely: (i) transient strengthening, (ii) chemical cracking,
and (iii) radiation-induced cavitation, thus shedding new light on
the complex phenomena involved at multiple length scales.
 Transient strengthening manifests in the increase in both the
flow stress and strain hardening capacity of the polymer at low
to moderate radiation doses. This was explained by chemi-
crystallization, which leads to the formation of thin crystallites
that play the role of chemical crosslinks. At higher radiation
doses, chain scission dominates and the usual weakening
ensues.
 Photo-oxidation leads to the formation of micro-cracks in the
absence of any mechanical loads. The cracks appear oriented
along the transverse direction of the films. A superficial layer
embrittlement model is invoked to rationalize these ‘‘chemical
cracks’’ by means of a residual stress termed ‘‘chemical stress’’
akin the thermal stress in multi-layered systems.
 The tensile deformation of aged films is not volume preserving.
Voids and long cracks form parallel to the loading direction, in
contrast with the behavior of pristine LDPE. Photo-oxidation
presumably promotes cavitation by providing nucleation sites
generated by chain scission events.
 The processes involved in the (photon-mediated) oxidative
embrittlement of semicrystalline polymers are likely to borrow
many aspects of the specific mechanisms pertaining to low-
density polyethylene, as uncovered in this investigation. Cavi-
tation, for instance is expected to play an even bigger role in
materials with higher crystallinity.
Fig. 17. SEM micrographs of well developed craze-like voids beneath the fracture of a
96 h specimen.
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